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SUMMARY

In connection with proposed rgpid jettisoning of aviatlion gasoline
at altitude, a theoretical Investigatlion was made of the free fall and
evaporation of n-octane droplets in the atmosphere. n-Octane was
selected for study because, on the average, the evaporation charscteris-
tics of that substence approximate those of aviation gasoline.

Terminal (equilibrium)} falling speeds and Reynolds numbers of such
droplets were obtained for altitudes to 11,000 feet over the droplet
size range from 6 to 2000 microns. It was concluded that gasoline drop-
lets larger than 2000 microns (0.2 cm) would be unsteble and would there-
fore occur only rarely.

CT-1

The droplet fall data were used In the calculation of evaporation
rates of falling n~octane spheres; decrease of droplet size and change
of ambient conditions were taken into account. This procedure was
applied in the case of a 2000-micron droplet falling at decreasing sgeed
from 6000 to about 2000 feet through an NACA standard atmosphere (15 cC
sea-level temperature). The droplet size decreased to about 200 microns
during the fall. At that size the falling speed (1.9 ft/sec) was small
encugh and the evaporation rate great enough to ensure subsequent droplet
diseppearance at about the 2000-foot level.

Additional calculations were made to determine the magnitudes of
pressure effects, temperature effects, and droplet diemeter effects.
The varlation of evaporation rate with pressure for altltudes to
11,000 feet is very small ss compered with the variation with tTempera-
ture and droplet diemeter. The evaporation rate Increased by a factor
greater than 100 as air temperature increased from -37° to +30° C.

It was concluded that use of atomizing devices causing production
of droplets less than 200 microns in diameter would make possible gaso-
line Jjettisoning without ground contamination at ground clearances in

- excess of 250 feet at all temperatures above sbout -37° C. At the
highest alr temperatures, ground clearances of 1000 feet should suffice
even when subsgtantial numbers of the largest (0.2 em) droplets are
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present, that is, when no atomizing devices are used. At the lowest
alr temperatures, ground clearances as great as thousands of feet will
not prevent ground contaminstion if no stomizing devices are used. .

INTRODUCTION

Buggestions have recently been made that a substantial fraction of
the fuel load of an alrplane should be quickly Jjettilsonable. It has
been pointed out that fast jettisoning would greatly reduce crash-fire
hazard and would substantially increase the lift-drag ratioc in the case
of operation under the condition of failure of one or more engines.

2830

One obvious means of achieving this goal would be the use of dis-
posable tanks, It is clear, however, that the dropping of fuel-laden
tanks might not be desirable in many instances. The only practicable
alternative would appear to be a rapid discharge of the fuel at altitude.

In general, it 1s desirable that no significant amount of dilscharged
fuel reach any ground instellation. The only mechanisms which could con-~
ceivably lead to dispersal at altitude are evaporation and/or break-up
into minute droplets ("atomization") which would remain suspended
indefinitely.

The subject of atomization is a very complex one arocund which an
extensive literasture has accreted. It 1s assumed here only that in some
menner, as by the bresking-up of a jet, the fuel hes been ejected into “
the atmosphere and is present in the form of droplets of varying sizes.

The present investigation was conducted at the NACA Lewis leboratory
with the chilef purpose of furnishing preliminary estimates of the frac-
tione of original masses of droplets of gasoline which will still be
present after such droplets have fallen through variocus distances under
different conditions. It is assumed that n-octane evaporation calcula-
tions will apply to gasoline. While no estimates are made herein of the
original distribution of droplet sizes, a brief discussion of the maxi-
mum stable size and of the motional dynaemics of falling gasoline droplets
is presented in the section MAXTMUM DROPLET SIZE AND DROPLET MOTION. A
knowledge of droplet speeds is clearly required in the calculation of
evaporation rates. An explanation is then presented of the rather ele-
mentary techniques which were employed to obtain the local rates of
evaporation and the total mass losses. Finally, the results of the cal-
culations are presented and discussed.

All symbols used in the report are listed and deflned in the appen-
dix.
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MAXTMUM DROFLET SIZE AND DROPLET MOTION

Irrespective of the original mechsnism of droplet formation, it is
intuitively clear that the largest stable droplet during free fall
through the atmosphere willl he that one for which the surface tensile
Porces are Just sufficlent to overcome the disruptive forces. The latter
ordinarily consist of the dreg shear and normel-pressure forces, although
centrifugal forces may also be present (ref. 1). Shearing forces may be
ignored only in situations characterized by high Reynolds numbers of
gas-stream flow with respect to the droplet and by rather large droplet
fluid viscosity (ref. 2).

Nevertheless, while there are certain contradictions in the litera-
ture, it is evlident that some dimensionless parameter which is essen-
tially a measure of the ratio of surface forces to deformation-resisting
forces will determine the maximmm stable droplet size under given condl-
tions. Such a parameter is, for example, the dimensionless Weber number
defined by the equation

pa UZR! 2 p& UZR'
We = —— = =< (1)

The effects of tangential forces (shear stresses) cennot be ignored
at Reynolds numbers below 1000 (ref. 2). It follows thet an unknown
functlion providing shearing-force Information should be added to the
numerstor of equation (1); thie fact in no way affects the dependence of
the resulting modifled Weber number on the surface tension.

The following table, excerpted from reference 2, lists values of
meximim droplet radius, corresponding free-fall (terminasl) droplet speeds
in normel air, free-~-fall Reynolds mumbers, surface-tension values, and
values of the ratio (surface tension)/(criticel redius) for several
substances:

Liquid R1, U,, Re, @, o/RS,
ft/sec dyne/cm | dyne/sq em
Distilled water 0.50 40.02 | 16,300 70.8% l41.2
Carbon tetrechloride| .18 30.35 | 4,400 | 24.5 136.1
Methyl salicylate .325| 37.07 | 9,800 34.3 105.5
Glycerine plus .45 41.83 [ 15,300 | 63.7 141.5
20 percent water

8Probably too low.
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The approximate constancy of the ratio a/Ré is apparent; the
average of the four ratios is 131.

In the case of gasoline, the surface tension is about 21 dynes per
centimeter (ref. 3). If 131 dynes per square centimeter is accepted as
& working value, the resulting meximum possible gasoline droplet radius
is 0.16 centimeter. It is further noted, however, that such a radius is
rather improbeble, as is a water droplet of O.5-centimeter radius.
Accordingly, in this report a gasoline droplet diameter of 0.2 centi-
meter has been arbltrarily selected as representative of the limiting
size of probably occurring droplets. On the other hand, it should be
noted that droplets having diameters of the order of 0.3 centimeter will
occasionally appear; these will be very unstable.

Equality of drag force and cbject weight will determine the terminal
(equilibrium) falling speed of any object. In the case of a (rigid)
sphere, the following relation applies:

2
4 P Uy
-5— :n:pd gR'S = CDI(R'Z _'2"""- (2)

This may be converted intc the following:

29 P Pg gRt3 4pa2 R'zUtz 2
F—-= Cp — = Cp Reg”; (3)
ua “a

A definition of @ appears in reference 4 as

_ 32 Pg Py &R'D
T e

®
]
“az

and is therein presented as & function of Rey (see fig. 4 of ref. 4),
which may be done since CpRey 1s & unique function of "Rey provided
the transonic region is not entered.

Since @ may be calculeted for a given radius once the properties
of the sphere and the ambient medium are known, the terminal Reynolds
numbers and speeds are easily obtained.

The density of 115/145 aviation gasoline may be taken, with negli-
gible error, as 0.700 gram per cublc centimeter (ref. 5).

2830
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The following table exhiblits the results of such terminal motion
calculations for altitudes of 1000, 6000, and 131,000 feet; NACA standard
atmosphere temperatures and pressures were used:

Altitude, ft
1000 6000 11,000
(tg = 55.4° F) (te = 37.8° F) (tg = 19.8° F)
rt, Dd., s Rey, Us, Reg Ug» Reg Ugs
cm micron ft/sec £t/sec ft/sec

0.1 2000 730 17.41 700 19.05 6680 20.47
0.03162 | 632.4 80.0 6.788 82.5 7.100 78.0 7.648
0.01 200 7.70 1.837 7.0 1.805 6.40 1.985
0.003162| 63.24 0.3838% 0.2894 0.3428 0.2943 0.30732 0.3013
0.001 20 0.01214 | 0.02894 0.01082 0.02544 0.00971 | 0.03011
0.0003162| 6.324 |0.0003838 | 0.002894 | 0.0003421 | 0.002943 | 0.0003073 | 0.003013

8For the emaller speeds, Stokes! Law (Cp = 24/Rei) wes used, which is equive-
ent to Reg = @/24.

These results are also exhibited in figure 1, in which it is clearly
shown that neither terminal Reynolds numbers nor terminal speeds vary
greatly with eltitude within the range covered by the calculations.

If a droplet is eveporating, the terminsl speed and Reynolds number,
in general, will be constantly decreasing. (An exception to this will
occur, for example, when a large, slowly evaporating droplet falls so
rapidly that the increase in air density with approach to the ground
more than offsets the diemetrsl chenge.) The question therefore arises
a8 to the validity of the assumption that the instantaneous motion is
virtually what it would have been under precisely steady-state condi-
tions, that is, in the absence of eveporative change (or air-density
change). The behavior of water droplets under various conditions is
presented in reference 5, where it is shown that the distances required
%o ensure attaimment of equllibrium motlion conditions sre of the order
of a few feet for the largest droplets under the most severe accelera-
tion or deceleration conditions. In none of these cases 1s the "relsxa-
tion" distance greater than 40 Pfeet; it 1s generally less than 25 feet
for droplets smallier than 0.2 centimeter in diesmeter. Accordingly, in
this study it wes assumed that gasoline droplet terminal conditions
prevailed throughout droplet histories provided the droplets were dis-
persed sufficiently to ensure sgbsence of serodynemic interaction among
them. Since vertical dispersion will occur in any event as a result of
the large variation of falling speed with dismeter, it would appear
reasongble to neglect such interactions; this procedure will be invalid
during the initial dispersion period immediastely subsequent to the
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Jjettisoning. This initlal perlod will be of doubtful duration, but will
be brief compared with the totazl period of droplet evaporation. In any
cage, the assumptlon of absence of entralnment phenomens is made through-

out this study.

EVAPORATION CALCULATIONS

The rate of evaporation (messs loss per unit surface area per unit
time) 1s equal to the product of two variables, namely, the mass-transfer
coefflcient and the difference 1n vapor pressure between droplet and
ambient atmosphere. The droplet vapor pressure i1s a unique function of
surface tempersature, while the ambient vapor pressure may be taken as
essentially zero in the atmosphere (except possibly during the initial
dispersion period).

The droplet temperature will depend, as Iin the case of the common
wet-bulb psychrometer, on the location on the droplet temperature scale
of the balance point between sensible heat transferred to the droplet by
conduction and convection from the atmosphere and heat removed from the

droplet, principally by the evaporating fluid.

The heat~- and mass-~-transfer coefficients depend on the droplet slze
and on the instantaneous relative alr-mess flow rate, that ls, the drop-
let falling speed and local air density. Since periods of free fall in
the atmosphere are long compared with the rates at which successive
equilibrium stetes are sttained under various conditions, it is per~
missible to assume that the droplet is, at every point, essentially in
peychrometric equilibrium with the local environment.

Most of the calculations of local mass-loss rates were carried out
on & step basis. In outline form, the procedure was as follows:

The initlial falling speed and Reynolds number having been deter-
mined for the starting altitude (6000 feet; NACA standard atmosphere)
and assumed droplet size (0.2 cm), the initial heat- and mass-transfer
coefflcients were computed. In turn, the droplet temperature, vapor
pressure, and mass-loss rate were computed. The necessary relations

are subsequently glven.

The duration of the first step was then taken as that period during
which a fixed, predetermined fractional mass loss (0.10875) occurred.
The fractional loss was bhased on the mass existing at the end of the
preceding step, rather than on the originsl mmss. Therefore, each
successive mass was 0.89125 of the preceding mass.

2830
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The dismeters and masses of the successive steps were thus estab-
lished in advance. The curves of figure 1 reveal that falling speeds
and Reynolds numbers are neerly independent of altitude within the slti-
tude range studied. It was therefore possible to establish beforehand
a list of terminal speeds end Reynolds numbers corresponding to the
successive drop sizes for the starting altitude. The dlameters used In
the calculstions were values more nearly representative of average con-
ditions existing over the successive intervals than either the respective
Initial or final velues would have been. The mesn mass was teken as
0.945625 of the starting mess at each step (0.945625 = 1 - 0.10875/2).

1

The mean dismeter was then taken as 0.9456259 or 0.981534 of the stert-
ing diameter. (If the mean diemeter is defined by the relation

—2 ~2 -2 —

Da,1 =0.5(Dg,1 + Dg,i+1 ), where Dg,i 1is the mean diameter over
the 1tk step and Dg,35 and Dg,j41 are the respective initial and final
dismeters, the mean diemeter so cbtalned is alsgo about 0.981.)

Once the period of fall and mean speed had been determined, the loss
of altitude for the first step wss then availsble. A more nesarly exact
mean temperature and pressure for that step were than obtained from
reference 6; the step calculations were then repeated. After the condi-
tions at the end of the first step had been calculated, the distance of
£all for the second step was estimated, the average temperature and
pressure were obtained, and the procedure of the first step repeated.

The entire cycle was reiterated until the desired droplet size was
reached.

The relations used were the following:

Heat-balance or psychrometric equation:

A
tg - tg = —%—EE (pa - Pa) (4)

It has been shown by meny investigators (ref. 7, for example) that
this reletion is valid provided that no substential amount of sensible
heet is transferred by the liguld vapor. This will be true, in general,
when both the mass- and heat-transfer rates are low. Further, if this
is the case, the mass- and heat~transfer rates will be essentially
independent.

Under such conditions, mass-transfer and heat-transfer Wusselt
mumbers may be defined (refs. 4 and 7) as follows:
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R: T D
Numshm g‘ d

(s)

- hy Dy
wn, B
h kh

For most palrs of gases, the diffusion coefficient f varies with
temperature and pressure in the following menner (ref. 8):

B =B <%‘%‘—)2 <’-‘1'.{L) (8)

The question arlses as to the constancy of Bg and of other liquid or
ges properties during en evaporation process.

In the case of gasoline, & complex mixture of many compounds, a
fractional distilletion process, in effect, takes place as evaporation
proceeds. Accordingly, such properties as the air-gascline vapor
diffusion coefficlent, heat of vaporization, and so forth will vary

merkedly with time.

A rather radicael solution of the difficulty consiste in replacing,
on paper, the gasoline droplet by & droplet of liquid which, on the
average, exhibits roughly the same evaporative behavior as gasoline.
The term "evaporative behavior" refers here only to the rate of loss of
mass and not, for exsmple, to the properties of any of the successive
fractions evaporated. The selection of n-octane as a representative
gingle meterial should yield evaporation—aata regsonebly similar to
those for gasoline. The correspondence willl not be close during the
initial evaporation period. At that time, the higher fractions, which
have vepor pressures & number of times as high as that of n-octane,
willl eveporate at a high rate., Further, after most of the original
gasoline has been vaporized, the converse will be true; the evaporation
rate of the residual 1iquid will be lower than that of n-octane.

Nevertheless, the results of calculations based on the properties
of n-octane are belleved to be approximately correct for a mlxture
incIuding substantial quantities of n-octane, isooctane, heptanes, and
other paraffins. Accordingly, the value of Bo cited in reference 8
for n-octane was used, namely, 0.0505 square centimeter per second.

2830
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The following additional constantes were used in the calculations;
the value of the Schmidt number 8Scg 1s discussed subsequently:

Constant Magnitude Units Source
Thermal conductivity 2422 | ergfcm | Reference 9
of air, ko
Molecular weight of 28.966 gn/mole Reference 10
air, Mg -
Molecular weight of 114.224 | gm/mole | Reference 11
n-octane, Mg
Universel gas 8.3144X107 | erg/®°K | Reference 11
constent, R
Schmidt number for 2.618
n-octane (in air),
Scd,o
Heat of veporization 3.734X109 erg/ gm | Reference 12 date on vapor
of n-octane, Az o pressure and extended plot
? of heat of veporization
dsta in reference 13.

The following substitutions are now mede in equation (4): (1) hy
and hp, are replaced by thelr equivalents as obteined by solving eque-
tion (5); (2) B is replaced in the expression for by by relation (86);
(3) kxp is replaced in the expression for hp by ky = kh,e(T&/N.T.)O'SS;
and (4} Ag 1s replaced in the final expression by Ag = Ag,e(afAg,e)-

The resulting expresslon is the following:
tg - tg =Ag (N"‘m) (N.P.) ( Te. )0.15 (7‘& Bo M3 (4 - Da)
a »Q Nuy, Py N.T. 7\5_, (N.T.)kh,o R &

(Né§'> (Nm.‘;-)o-ﬁ (%%) (pg - Pa) (1)

In equation (7), the temperature difference is given in degrees
centigrade, while the vapor pressure difference is glven in dynes per
square centimeter. The vapor pressure is generally given In millimeters
of mercury in the litersture; if p* is used to represent a vapor pres-
sure S0 expressed, equation (7) becomes the working form of the psychro-
metric equation for n-octane under moderate temperature and pressure
condlitions:

_ -3 (Nin
= 0.391510 (Nuh)
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Nup ) /x.2.\ [ Ta \O* 12/ 2
o () )

This states thaet, at low relative flow rates, the temperature drop
at normal pressure of an n-octane sphere is roughly half the difference
in vapor pressure existing between the sphere surface and the atmos-
phéﬁé, when the latter is expressed in millimeters of mercury. In most
cases, p: will be virtually zero. The reason for the restriction of
the observation to low relatlve flow rates lies in the varlation of the
ratio Num/Nuh, which can only be experimentally determined.

The following expresslons have been obtained from data cited in
reference 4 by a trial-and-error fitting process; 1t 1s not contended
that these are the "best" expressions possible, but only that they it
the data fairly well for moderate (<1000) Reynolds numbers:

1
Nu, = 2 + 0.39 Sc> Re0:56

1 ()
Nu, = 2 + 0.246 Pr> Re®* 8593

These expressions are represented graphically in figure 2, while
their ratio Num/Nuh is presented in figure 3. Fourth nonzero figures
are not of significance here; third significant figures may be erroneous
by several units. The values plotted, however, were those used in the

calculations.

The value 0.73 was adopted as the Prandtl number for pure alr. The
Schmidt pumber is given 1n reference 7 as 2.58 at 25° C; this value
agrees with a value calculated on the basls of a diffusion ccefficient
of 0.060 at 25° C, which is the value cited in the same reference. In
turn, the value B = 0.060 agrees well with the value obtained by using

equation (6) and Bo, namely, 0.0680lg. If the latter 1s used, the Schmidt

nunber at 25° C is found to be 2.57. Finally, the Schmidt number, which
varies very slowly with temperature, was 2.618 at 0° C for n-octane,
when By = 0.0505 and the relation Scg s ng/PgB are used.

Vapor pressure was plotted ageinst heat of evaporation (fig. 4) to
facilitate trial-and-error solutions of equation (8). In the original
figure, the temperature could be read to a tenth of a degree and the
vapor pressure to at least 1 percent.

As a check on the validity of relations (8) and (9), they were used
to calculate wet-bulb temperatures of n-octane spheres at three ailr
temperatures. The results for a Reynolds number of 1000 are compared in

&-:E

2830
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figure 5 with experimental data from reference 14 cbtained at about the
seme Reynolds number. The agreement is to some extent fortuitous, but
it 1s clear that, at least under roughly normel embient conditions, the
theoretical heat~ and mass-transfer rates calculsted from the relatlons
given here will be substantially correct (for E;octane).

The mean fractional evaporatlon rate at the ith step (designated
Kk, g/(g)(sec)) was calculated as follows; note the assumption in equa-
tion (10) that the partial n-octane vepor pressure in the atmosphere
is negligible:

Qm,1 = by 3 84,1 Pa,1

(10)

2
Dy 3% By s Pg g
It therefore follows that

2 e—t————
= _"P,1 "m,1Paz

e
|

. 3
(#/6) pa Da,1

6

_ 6 bp,iPg,1

Pg Dg,1

The following substitutione and changes are now made:

= b~
pd,i = 1333.2 Pd,i’
-4
Dd:i = Dd:U-Ji X107
Nu, Mg

n 5 PR

e () () R

a
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or
By, 1 o, i Po <Ta’i)<N'P')2 X10% (11)
1= ==
') Dd,p,l (N.T.)Rg \N.T. Pa,i
The fractional maess loss rate then becomes
2
KT o _6%1333.2%10%0.0505 \®m,1  (Ta 1) (m..\ o
1 6 ) g2 \N.T. /\P 4,1
0.700X273.2X0.7279X10 d,u, i a,l
or
A, = 2.90%102 Num,i Ta,i N.P. : o2 2
i - ¢ ? N'T. P ) Pd‘,i (l )
Da i a,i
IS

The number of seconds required for a fractional loss of 0.10875
of the mass present at the beginning of a step is then

A6 = O.}S??S (13)
As
The distance traveled during the ith step 1s the product of A16
and Ug,j; the total distance fallen and the existing altitude are then

obtalnable in an obvious manner.

RESULTS AND DISCUSSION

The original intentlon had been to have complete sets of calcula-~
tions performed for the fall of droplets of several sizes from seversl
altitudes et several temperastures. The achievement of a reasonable
degree of accuracy iIn the calculations required, however, computations
somewhat lengthier than at first thought necessary, and the program was
therefore abridged.

Calculationse for the case of & droplet having an initisl dlameter
of 2000 microns and falling through a stendard atmosphere from 6000 feet
have been carried sufficiently far at this time to make possible pre-~
dictions concerning the release of gasoline from the altitude In question.

0g82g
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The mass of the droplet as g function of altitude is shown in figure 6;
the respective dlameters are given at relative droplet mass values of

1, 0.1, 0.01, and 0.001l. Only the results of calculations at each fifth
step have been plotted.

It is clear that large droplets of n-octane (and, therefore,
probebly of gasoline) will fall large distances {at least 4000 £%) under
normal atmospheric conditions before thelr sizes sre reduced to values
such that the droplets will have essentielly come to rest. It 1s to be
noted (fig. 1) thet gasoline droplets (or n-octane droplets having sbout
the same density) of 200 microns diameter will fall freely (at 6000 ft)
at a speed of 1.9 feet per second. It is safe to assume that such drop-
lets will not reach the ground unless eir temperatures are extremely
low; it is estimated that a 200-micron droplet will lose 11 percent of
its mass while falling 54 feet at -37° C (2 -35° F).

Figure 6 may be used to determine residual masses of smaller drop-
lets falling from the altitudes indiceted slong the gbscissa scale. For
example, at 4696 feet the residual mass of the original droplet is
0.5623 of the original mass (which was 2.932X10-3 g); at 2972 feet the
residual mass of the original droplet is 0.1000 of the original mass.
Further, the respective diameters at the two altitudes mentlioned are
1651 microns and 928 microns. It is clear, considering the assumptiouns
which underlie the calculations, thet the residual mass of a 1651-micron
droplet falling from 4696 feet to 2972 feet (in normal atmosphere) will
be 0.1000/0.5623 of the original mass, or 0.1778 of the original mass.

The first of the following tgbles exhibits in ebridged form the
respective masses, diesmeters, and so forth, for the set of calculations -
in question; the second taeble exhibits the masses, dismeters, and so
forth, for a small mumber of calculationes which were made in lieu of
additional complete sets of calculations to determine the effects of
initial dismeter veriation at a fixed altitude, temperature variation
at a fixed pressure altitude, and altitude veriation at a fixed tem-
perature:
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Step| My/M; |Dg,yu,1 (Reg,1)0% 10 | % | T Ass A48, |ALt1-
num~ and ft/sec °c °c |g/(e)(sec)| sec t;:e,
ber Da,p,1s
microns

1.0000 2000 6000

1 1963 670 18.9 3.43 | 0.67 0.008653 15.65
L5623 1651 4696

8 1520 478 16.2 5.8912.79 « 00901 12.07
. 3182 1363 3869

11 1337 340 13.9 T.46 )1 4.13 .01154 9.1
.1778 1125 3330

16 1104 237 11.8 8.49 | 4.99 . 01530 7.11
. 10000 928.3 2972

21 911.1 187 10.0 9.17 | S.54 .01962 5.54
.05623 766.2 2734

26 752.1 (115 8.41 9.63 | 5.94 . 0247 4,41
03162 632.5 2576

31 620.8 79.8 7.00 9.92 | 8.20 0314 3.47
.01778 522.0 2472

36 5l2.4 54.0 5.81 10.12 | 6.40 .0394 2.76
01000 430.9 2405

41 422.9 36.4 4.73 10.25 [ 6.54 .0503 2.16
00562 355.7 2362

46 349.1 24.3 3.82 10.33 | 6.68 . 0640 1.70
00316 293.6 2335

51 288.1 16.2 3.05 10.38 | 6.79 .0826 1.32
.00178 242.3 2319

56 247.1 11.4 2.52 |=m=m- o | mmmmeme | amaa——

Note: Vealues given on line above that en which step number 1s entered are
those applying to conditlons at the begiuoning of Etep. Values on step
line are average values.

Diameter effects
altitude, | Dy, ., Fey, s tas g, A, 28, AH,
ft microns ft}sec °c ¢ |gf(g)(sec) sec £t
8000 1963 870 18.9 3,11 0.391 0.00642 16.94 320
911.1 187 10.0 .28 .01500 7.25 72.5
422.9 36.4 4.73 .26 .0378 2.89 13.68
196.3 6.62 1.84 .54 .1044 1.042 1.817
91.11 .940 .554 .81 345 315 1746
42,29 107 .137 .99 1.402 0776 .0108
. Temperature effects
6000 1963 670 18.9 -37.00 | -37.12} 0.000226 |481 ] 9100
~12,00 | -13.10 00246 44.3 837
3.11 .39 .00642 16.94 320
13.00 8.30 .01151 9.45 178.6
30.00 21.0 .0234 4.66 88.0
Altitude effects
1000 1963 710 17.1 13.00 8.99] 0.01011 10.76 184.0
6000 670 18.9 8.30 01151 9.45 178.6
11,000 638 20.0 T.74 01251 B8.69 173.8
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The droplet diameters used were average values correspondiung to
selected steps of the step~-calculations. On the other hand, the pres-
sures used were those of the NACA standard atmosphere at the Indicated
altitudes rather than the mean values over an initisl step.

In the previous tsble, selected results are given for the case of
a 2000-micron droplet falling through an atmosphere, the characteristics
of which chenge with altitude. The "Diameter effects"™ group of the sec-
ond table exhibits differences, to the contrary, caused solely by diam-
eter changes. A detailed comparison with the originsl step calculations
for the extended-fall case indicates that the higher eveporation rates
of that situation may easlily be accounted for on the basis of the higher
alr temperstures existing at the lower altitudes. 7For example, In the
step calculations (previous table), the number of seconds required for
the standard 1l-percent mass loss to occur st step number 21 is 5.54
(at a mean altitude of 2940 ft). In the present case, the nmumber of sec-
onds required for a droplet of the same diameter (911.1 microns) to lose
that much mass is 7.25. The respective droplet temperatures sre 5.54° C
(e coincidental repetition of the same number) and 0.28° C. The wet-bulb
depression is roughly the ssme for both csses, namely, some 5° or 6° C,
while the ratio of the two evaporation rates is roughly proportionsl to
the ratio of the two vapor pressures. Such reasoning will facilitate the
estimation of evaporation rates under varying conditions; temperature and
diemeter effects may be combined 1n estimating loss rate for a particular
droplet size at a particular temperature.

The very great varietion of evaporation rate with temperature is
indiceted 1n the second group of this teble. The distance of fall at
-37° C is so large that the assumption of constancy of ‘temperature is, of
course, not tensble; it is clear, however, that under severe conditions
reliance may not be placed on evaporation &s e dispersing mechanism. On
the other hend, the loss rates at high temperatures are such that moder-
ately low-altitude Jettlsoning even without the use of finely atomized
sprays would be feasible, since the lergest droplets (2000 microns) can
drop, at most, perheps 1000 feet before essentially coming to rest.
(This estimete is based in part on the 4000-ft drop previously found for
the case of a 2000-mlcron droplet falling through an NACA atmosphere.)

The evaporation figures of the "Altitude effects" group show quite
clearly the rather small effects of pressure differences over the indi-
cated altitude range.

CONCLUSIONS

A theoretical investigstion was made of the free fall and evapora-
tion of n-octane droplets in the atmosphere. On the basis of the analy-
sis and mumerical results the following conclusions were drawn; these
conclusions will be spproximately applicable to the fall of aviation
gasoline:
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1. As the droplets evaporate, their masses, diameters, and there-
fore their falling speeds decrease. Motion and evaporation analyses are
therefore most easlly made on a step hasis, with changes of pressure and
temperature with altitude teken into account; droplet cheracteristics
end environmental conditions are supposed constant during each step.

ocgz!

2. Droplets having diasmeters greater than 0.3 centimeter will either
not be formed or, having been formed, will break up immediately into
smaller droplets. The largest staeble droplets will have diameters of
the order of 0.2 centimeter.

3. Temperature effects (at e given droplet diameter) on evaporation
rates, and therefore on total distances of fall, are far more important
than pressure or motion effects. The rate of evaporation increases by a
factor of more than 100 over the air-temperature range -37° ¢ (& -35° F)

to +30° ¢ (86° F).

4. A droplet having a diameter of 200 microns (0.02 cm) or less

will fall at a speed of less than 2 feet per second at altitudes below

11,000 feet. The rate of evaporation, and therefore of decrease of size

and felling speed, of any such droplet will be great enocugh even at air
temperstures as low as -37° C to ensure that the droplet will not reach

ground level when ground clearance exceeds gbout 250 feet. It follows

that ground contamination will mnot occur, irrespective of air tempera-

ture, if nearly all of the Jettisoned fuel has been atomized, that is, !
if the fuel is present in the form of droplets less than 200 microns in

diameter at ground clearences in excess of 250 feet. .

5. Large droplets will fall long distances through air under normal
or near-normal conditions. For example, in an NACA standard atmosphere
£15° C sea-level temperature), a droplet having & diameter of 2000 microns

0.2 cm) at 6000 feet will fall while evaporating at decreasing speed to
about 2000 feet. At this level it would have a diameter of less then
200 microns and would remain approximately at this level while evaporating

completely.

8. At the highest alr temperatures (about 30° C), ground clearances
of 1000 feet will probably be sufficient to avold ground contemination by
falling droplets, irrespective of the original distribution of droplet
slzes. At the highest air temperatures, therefore, the use of finely
atomizing spray devices will be unnecessary.

7. At the lowest air temperatures (below about -20° C), only the use
of finely atomizing spray devices will prevent ground contamination even
1f ground clearances are of the order of thousands of feet.

Lewis Flight Propulsion Laboratory :
National Advisory Committee for Aeronautics -

Cleveland, Ohio
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APPENDIX -~ SYMBOLS
surface ares, sq cm
drag coefficient for a 'sphere
dilameter, cm
gravitational constant, dyne/g
altitude, cm (except where explicitly expressed in £t)
heat-transfer coefficient, erg/(sq cm)(sec)(°C)
mass-transfer coefficient, (g/(sec)(sq em))/(dyne/sq cm)
thermal conductivity of ambient gas, erg/(cm)(sec)(°C)
molecular weight, g/mole
Nusselt number
1 atmosphere, dyne/sq cm (1,013,250)
reference temperature, %K (273.2)
ambient pressure, dyne/sq cm
Prandtl punmber

partial pressure of evaporating-liquid vapor in ambient gas,
dyne/sq cm

saturation vapor pressure of evaporating liquid at sphere tempera-
ture, dyne/sq cm

rate of mass loss from sphere, g/sec

universal gas constant, erg/(°K)(mole)

gas constant of evaporating liquid, erg/(°K)(g)
relative droplet-air Reynolds number

droplet radius, cm

Schmidt number, pg/pgP

absolute temperature, °K
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t temperature, °C (except where explicitly expressed in °F)

U relative air-droplet speed, cm/sec (except where explicitly
expressed in ft/sec

We Weber number defined by equation (1)

o surface tension, dyne/cm

B diffusion coefficient, sg cm/sec

A fractional mass-loss rate, g/(g)(sec)

A heat of vaporization, erg/g

1l viscosity, poise

o} density, g/cu cm

1) free-fall parameter defined by relation following equation (3)

Subscripts:

a amblent gas

c critical value (referring to value above or beyond which droplet
tends to break up)

d evaporating liquid

h heat transfer

i step number designation

m mass trensfer

o reference conditions (N.P., N.T.) (Note that these are not identi-
cal with NACA standard atmosphere sea-level conditions. In the
latter case, the air temperature is taken as 15° C.)

t terminal (equilibrium) state

1) dimensions microns instead of cm

The bar (—) denotes mean value over a step (calculation interval).

Superscripts:

*

dimensions mm Hg instead of dyne/sq cm

082



0g82

CT=3 back

NACA RM E521.23a 19

lo L]

1.

1z2.

13.

14,

REFERENCES

Baron, Thomas: Atomization of ILiquid Jets and Droplets. Tech. Rep.
No. 4, Eng. Exp. Station, Univ. Illinois, Peb. 15, 1949. (ATI No.
54213, Contract Né-ori-7L1.)

Hinze, J. O.: Critical Speeds and Sizes of Liquid Globules. Appl.
Sci. Res., vol. Al, 1949, pp. 273-288.

Doss, M. P.: Physicael Constants of the Principsl Hydrocarbons.
Fourth ed., Tech. and Res. Div., The Texas Co., 1943.

Williams, Glenn Carber: Heat Transfer, Mass Transfer and Friction
for Spheres. BSec. D. Thesis, M.I.T., 1942.

Blade, 0. C.: HNational Annular Survey of Aviation Gasocline and
Avietion Jet Fuel, October 1951 Production. Rep. of Investigations
4889, Bur. Mines, May 1952,

Diehl, Walter S.: Standard Atmosphere - Tables end Data. HNACA Rep.
218, 1925.

Perry, John H.: Chemical Engineers®' Handboock. Third ed., McGraw-
Hill Book Co., Inc., 1950.

Anon.: International Critical Tables. Vol. V. McGraw-Hill Book Co.,
Inec., 1929.

McAdams, William H.: Heat Transmission. Second ed., McGraw-H1ill
Book Co., Inc., 1942.

Warfield, Celvin N.: Tentatlve Tebles for the Properties of the
Upper Atmosphere. NACA TN 1200, 1947.

Rossinl, Frederick D., et al.: Selected Values of Properties of
Hydrocarbons. Circular C461, Nat. Bur. Standards, Nov. 1947.

Anon.: International Critical Tables. Vol. III. McGraw-Hill Book
Co., Inc., 1928.

Maxwell, J. B.: Data Book on Hydrocarbons. First ed., D. Van
Nostrand Co., Inc., 1950.

Ingebo, Robert D.: Vaporlzabion Rates and Heat-Transfer Coeffl-
cients for Pure Liquid Drops. NACA TN 2368, 1951.



FERPEe DD WTTORY 30 FRTANT-PLORINGS WYRN iy - -1 sl

e ‘ERSacIES WITHI20

ooX 004 Doe

o00%T 600 e

Temanl el By Dot ae Tommid Prm ol Remar, B
& PoF ES S > d
'! ! [Ll p ' | e
! -] by % 1]
s T il vl u
i B = ono 3
(o
. B
Frr a1 P
558 “[ELUgEr
; 31 E:
B ke
T i R il
i ! b bt :
> ki -
1} - - , k
; |'| . - 4 " v b
iR b J
x ‘""’ ! s Bk
Lo : b i [}
n HE JJ. » il Hi h I (NS ?f
wi]|Ni ! A ! : i w il 5 I E i
he p i T ! ;
gl . P 3 .
h
T A i ! ! il B
: H v
. ‘ v i 503 ) e W i -
i it ii 5l -_' g
3 e T :
¥ N i
A ] L H
HE S QT 1) SN
TR AU . (Y e i
i ik = ey eb LN .r‘f]_lr_[‘I;::-'l_'f'E!!
e NN [ b T g
il S R < ale o LEar
] -y 1T R [T B
- - DT “TF 83

Qz

BeZIZGE WE VOVM




2830

4

NACA RM E52L23a

21

3Q
i
o .F
40 == = x = ==
o 5 EL ST
fenl S=— o = = =
== £ = —— T ) i I’" = s
i ] { s TT oo et e ] s i
i ; 1 Tt i . e e
0 PR = o bt 1 a1 T e
5 ol S
. = = = s SRt
s -7,
' =
2‘: . = _(Nu.l_- 2) £ = =
- :
' &
s = = 5
= - H
E = = e b P o
~ (Kuy, ~ 2) = = S
B S e i S iR i =
_ HEEe Tt e THER o f=to =
) .
o
-2
s i H SEiins t :
1 t f i L i ; :
1 2 - & 20 40 & & 100 200 400 600 800 1000

Reynolds number, Re
Filgure 2. - Masa~ and heat-transrer Nuaselt numbers for n-octane spheres.



1e of mams- ood Neat-tranerer Huagpalt ambera,

Aa

22

1.5 n T
: 5 Eaan H RN
H “EE — B .!1 L 1 1 “ . W ¢
i T [ S e e ! ]
v AR r
Ay p ] i 1 H H 4 angy 5 L I 1 Lk
L uirs V1 madis m i ;;L. i i
wy= 4o = ] C T
i Aaiii T B e i
1. P } e Ak {H
: ] fia ic '
== dy H ; i I
HH } H+ L
i H ma H
d ] T
s wanibid i
- bt T H- -
1 f | i t I =
p i} 1 . u
wag e ol sl
L5 Hrm * ~t - "
- ota et 2k s aan b I
- X Eegi e I} +1
I u
Y + ! 173 i H
It s A T
ZaRPEaLE byl
i HH
T I
1 3 y :'-n.' i
weans 3 . 16 -
wexg -
1.3 f:: L aaet] 1o PR T 1 1
I ' anp
I - T 1 " T
x u T T 13 T
i
. Ay 1ad i ¥
T T
| L H H s
H
) 1| 0
7 pu-i .0 = -
T - | 1
t
1 T Z nm
1.1 13 T . = ;
3 I T b T
H - r v lwn) 1 1) r .
ERLEwe: 1 i o akma 14
i T - h A=
L 1 4 -1 1 -
¥ i s T et T -
i TR am
H ) I - 7
H t : == o 0 + T
Lo r T P MR T S T bui 1 11 - 1
-1 -2 &£ L H “ [ 010 N - i IR S a0 L] [COSIEE (SRR
Be,telii murlar
Flaore 3, ~ B¢ of meads god Mrat-Lrmmler Hmsel: rmbera for o-CoTADE SPRATE swapocasing 10te ndvwal Al as Mmeslie o Renilds musker.
v r . . «

0¢e2

BeZI2GE WY VOVN




2830

-_—

NACA RM ES521.23a 23

"

n
'
=
i

 y
q

i
2
3 £ P e B Siaa1a:: T e LT =4
3 b T R i : 3 =
- A - T =¥
3 = : Fer : M
: s T
= ] tfert Fok L I T h
i i
I3 = el = Y
T v ;
25

2L
al

Bk
s
i
|

YRESP preteare
H l -
i
[l
i3

i
THIBR

xabin v

ek (riemrn, e
4
1
H
i
i
2
7]
i
i
L
~ = Relations pamg Camparwiars, YAMF |roemos, A5 beat OF WERAPIBALLON Tt pourvuny,

u
il
A
=
r!’
R
H
5
H

i
;
5»
Hi
i
H
il
TR presmrs, m Ky

FH | H

o Of Cuprra

A L
S L S e } s
S S R S I oiiirrsasaddiiily T
SR e S S s S e e s
"3 3 ] ¥

s T e P T
5 i 1 L i 1 1 } '
] K] F) [] ] [ [ ] m m 3
Ig ‘suesanar




Wet-bulb temperature, °C

60

¢ Experimental

(wetted cork,
ref. 14)
o Theoretloal
(sea level)
o Theoretlosl
(6000 ft)

\e

20

10

-10

Apparent
intercept

too high
0 7/

| A

0

Flgure 5.

10

- paychrometric behaviar of p-octans spheres.

20

30

40 50
Alv temperature, %

&0

70

80

Reynolds mumber equal approcimately to 1000.

0g92

100

ve

BE2T20T WY VOVH



4M

NACA RM ES5ZL23a

25

brop diesmeter,|

Dd-.r w’
microns

Relative droplet maas

»004

HH

-

.002

.001
6000

S000

4000 5000 2000
Altitude, £t

Figure 6. - Mass loss by evaporation of 2000-mlicron n-occtane droplet falling through NACA standard

atmosphere.
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